Preeclampsia is a pregnancy-induced pathology characterized by poor placentation and endothelial dysfunction. Its primary clinical presentations include new-onset hypertension and proteinuria that resolve or are significantly improved after delivery or pregnancy termination.^[@b1-1051686],[@b2-1051686]^ Preeclampsia can progress into eclampsia, potentially resulting in maternal and fetal death. Extensive clinical and laboratory studies have demonstrated that preeclampsia is triggered by placenta-derived mediators^[@b3-1051686]^ produced after placental ischemia and reperfusion injury, which could result from placental spiral artery remodeling disorders.^[@b4-1051686],[@b5-1051686]^ One of these mediators is placenta-derived extracellular vesicles (pcEV), which are released into the maternal circulation, typically reaching a peak level in late pregnancy.^[@b6-1051686]--[@b8-1051686]^ These pcEV are constitutively released during normal pregnancy and are necessary for inducing maternal adaptive changes such as tolerance.^[@b9-1051686]^ However, excessive shedding of pcEV often indicates placental pathologies that contribute to the pathogenesis of preeclampsia. Significantly elevated plasma levels of pcEV have been consistently associated with the development and severity of preeclampsia.^[@b10-1051686],[@b11-1051686]^

The pcEV found in patients with preeclampsia are heterogeneous in their cells of origin, size, and cargo contents, and thus possess diverse activities, some of which may not be apparent or detectable in their parental cells. Despite this heterogeneity, extracellular vesicles (EV) from syncytiotrophoblasts are widely used as the surrogate marker for detecting pcEV in the maternal circulation,^[@b12-1051686],[@b13-1051686]^ even though there is no evidence in the literature that these pcEV directly cause preeclampsia. Placental cells vesiculate when the placenta is subjected to ischemic and hypoxic injuries that result in cell apoptosis and tissue necrosis.^[@b14-1051686]--[@b17-1051686]^ These injuries can also occur when trophoblasts are unable to infiltrate the wall of the placenta's spiral artery to gradually replace the endothelium in a process called "blood vessel recasting".^[@b14-1051686]--[@b17-1051686]^

Once released into the circulation, pcEV can cause endothelial injury,^[@b18-1051686]--[@b20-1051686]^ systemic inflammation,^[@b21-1051686],[@b22-1051686]^ and coagulation dysfunction,^[@b23-1051686]^ all of which are hallmark events of preeclampsia. Despite extensive studies on the causes and mechanisms of placental injuries, key questions remain as to whether pcEV released from injured placenta directly induce the hypertension and proteinuria that define preeclampsia or are merely the products of preeclampsia. If the former holds true, could accelerating or enhancing the clearance of pcEV prevent preeclampsia or reduce its severity? Here we report the results of a study designed to answer these questions by analyzing blood samples from preeclamptic patients, studying new mouse models of preeclampsia, and conducting *in vitro* experiments.

Methods
=======

Study of patients
-----------------

Pregnant women were recruited from Tianjin Medical University General Hospital after they had given informed consent to participate in the study. Blood samples were collected from patients with preeclampsia at the diagnosis of their condition, before the administration of magnesium sulfate or anti-hypertensive medications, and analyzed for plasma levels of pcEV (*Online Supplementary Methods*). This study was approved by the Ethics Committee of Tianjin Medical University General Hospital.

Mouse models
------------

We used three complementary models to study the role of pcEV in the development of preeclampsia (*Online Supplementary Methods*). The first model was designed to study whether increasing circulating pcEV in pregnant mice induced preeclampsia. For this study, we defined a mouse preeclampsia phenotype by hypertension, proteinuria, and kidney injury.^[@b1-1051686]^ Blood pressure (BP) was measured at baseline, 17-18 days post-coitum (dpc), and 7-10 days postpartum using a noninvasive mouse tail-cuff BP analyzer (CODA; Kent Scientific Co., Torrington, CT, USA).^[@b24-1051686]^ Urinary albumin and creatinine concentrations in a pooled urine sample collected over a 24-h period were measured and their ratio was calculated to define proteinuria (*Online Supplementary Methods*). The second model was used to study whether pcEV induced hypertension and proteinuria in non-pregnant C57BL/6J female mice. BP was measured 30 min after the pcEV infusion and 24 h urine samples were analyzed for proteinuria. The third model was used to specifically investigate the role of EV clearance.

Flow cytometry
--------------

Levels of pcEV in plasma samples from women with a normal pregnancy or preeclampsia were measured using a fluorescein isothiocyanate-conjugated antibody against placental alkaline phosphatase (PLAP; LifeSpan Biosciences, Inc., Seattle, WA, USA).^[@b11-1051686],[@b14-1051686],[@b20-1051686],[@b25-1051686]^ For the mouse study, we used syncytin as the marker for pcEV because PLAP is not expressed in mouse placenta (*Online Supplementary Methods*).^[@b26-1051686]^

Hematologic measurements
------------------------

We used three tests to measure the procoagulant activity of pcEV: (i) a phosphatidylserine (PS)-dependent plasma-clotting assay that specifically measured microvesicle-mediated coagulation (*Online Supplementary Methods*);^[@b27-1051686]^ (ii) platelet activation; and (iii) detection of plasma levels of the anionic phospholipid PS-expressing EV. Platelet activation and PS^+^ EV were detected by, respectively, a phycoerythrin-CD62p antibody (eBiosciences) and allophycocyanin-annexin V (eBiosciences) using flow cytometry.^[@b27-1051686],[@b28-1051686]^

Vascular leakage
----------------

We used an Evans blue extravasation test to measure pcEV-induced vascular leakage *in vivo* (*Online Supplementary Methods*).^[@b28-1051686]^ We also measured the ability of pcEV to disrupt the integrity of cultured cells from the mouse endothelial line bEnd.3 (ATCC, Manassas, VA, USA) (*Online Supplementary Methods*).^[@b27-1051686],[@b29-1051686]^

Microvesicle-induced vasoconstriction and changes in cerebral blood flow
------------------------------------------------------------------------

We measured vascular wall tension using a modified protocol (*Online Supplementary Methods*).^[@b30-1051686]^ We also used non-invasive laser speckle contrast analysis (LASCA) technology to measure the impact of pcEV on cerebral blood flow. Cerebral blood flow was chosen because LASCA cannot accurately measure the blood flow of internal organs such as the kidney without surgery, which would have been a confounding injury that would have been difficult to stratify.

Statistical analysis
--------------------

Quantitative data are expressed as percentages for categorical (frequency) variables or as the mean ± standard error of the mean for continuous variables. For parametric data, a Shapiro-Wilk test was performed to test the distribution of the data. Data were analyzed using a paired *t*-test or one-way or repeated-measures analysis of variance, as specified for each dataset. A *P* value of less than 0.05 was considered to be statistically significant. For multiple comparisons, the Holm-Sidak method was used to control for family-wise error rate (Sigma plot V. 11.2).

Results
=======

Placenta-derived extracellular vesicles were detected in preeclamptic women and pregnant mice
---------------------------------------------------------------------------------------------

Among the 17 pregnant women (all first pregnancies) recruited into the study, ten were diagnosed as having preeclampsia between 28 and 38 weeks of gestation. Their information is listed in [Table 1](#t1-1051686){ref-type="table"}. Patients were excluded from the study if they had baseline hypertension and diabetes, developed pregnancy-associated diabetes, or were diagnosed as having eclampsia or HELLP syndrome. The women with preeclampsia developed hypertension and proteinuria and had earlier deliveries as compared to the women with normal pregnancies. Using PLAP as the surrogate marker, pcEV were detected in peripheral blood samples from all 17 pregnant women, but their levels were significantly higher in the preeclamptic patients than in the women with normal pregnancies at comparable gestational ages ([Figure 1A](#f1-1051686){ref-type="fig"}). The levels of pcEV in patients with preeclampsia returned to the baseline during the postpartum period ([Figure 1B](#f1-1051686){ref-type="fig"}).

###### 

Clinical information of the pregnant women included in the study.

![](1051686.tab1)

![Placenta-derived extracellular vesicles in women with preeclampsia and in pregnant mice. (A) Plasma levels of placental alkaline phosphatase (PLAP)^+^ pcEV in women with normal pregnancy (NP, n=7), patients with preeclampsia (PE, n=10), and non-pregnant women (HC, n=5) (one-way analysis of variance, ANOVA). (B) Plasma levels of PLAP^+^ pcEV of PE patients at 32 weeks of pregnancy and during the postpartum period (one-way ANOVA with Tukey test, n=10, \**P*\< 0.01 *vs*. postpartum). Longitudinal changes of plasma syncytin^+^ pcEV of pregnant mice at baseline (BL), at 17-18 days post-coitus (dpc) (PN) and postpartum (PT). (C--E): Cytometry dot plots from a pregnant mouse. (F) Summary from 15 mice (one-way ANOVA, \**P*\<0.001, *vs*. BL and PT). (G) Blood pressure (BP) of C57BL/6J mice at BL and 17-18 dpc (n=30, paired t test). (H) BP and (I) proteinuria of pregnant C57 BL/6J mice (17--18 dpc) after infusion with 1×10^7^/mouse of pcEV (n=32, one-way ANOVA). (J) Renal vascular leakage detected by an Evans blue extravasation test in pregnant C57BL/6J mice infused with 1×10^7^ pcEV/mouse or PBS (n=8, paired *t* test).](1051686.fig1){#f1-1051686}

This study of patients had a limited ability to investigate the underlying mechanisms of preeclampsia because it lacked manipulability of the clinical course and required extensive stratification of confounding clinical variables. To address these limitations, we conducted a mechanistic study in mouse models. We measured plasma levels of pcEV in pregnant mice using syncytin as the surrogate marker. Consistent with human data, plasma pcEV were detected in pregnant mice, reaching peak levels at 17-18 dpc, and rapidly returning to baseline during the postpartum period ([Figure 1C--F](#f1-1051686){ref-type="fig"}). PcEV detection by the syncytin antibody was further validated using another placental marker, endoglin (*Online Supplementary Figure S1*). The levels of syncytin on pcEV were closely correlated with the levels of annexin V^+^ microvesicles (R^2^ = 0.766, *P*\<0.001) (*Online Supplementary Figure S2*), suggesting that most syncytin^+^ pcEV expressed anionic phospholipids. However, these pregnant mice did not develop hypertension or proteinuria. The levels of circulating pcEV in pregnant mice reached peak levels of 3.8±0.9x10^7^/mL ([Figure 1F](#f1-1051686){ref-type="fig"}), which were comparable to those found in women with normal pregnancies (2.6±1.3×10^7^/mL), but significantly lower than those in the women with preeclampsia (1.2±0.3×10^8^/mL) ([Figure 1A](#f1-1051686){ref-type="fig"}). We therefore intravenously infused pregnant mice with a single dose of pcEV (1×10^7^/mouse) purified from injured placenta. The pcEV generated using this protocol were similar to those detected in the peripheral blood of pregnant mice in terms of size and syncytin expression,^[@b31-1051686]^ but they expressed a higher level of anionic phospholipids detected by annexin V (*Online Supplementary Figure S3*). The pregnant mice infused with injury-produced pcEV developed hypertension ([Figure 1H](#f1-1051686){ref-type="fig"}) 30 min after the infusion and proteinuria was detected in urine samples collected over 24 h after the pcEV infusion ([Figure 1I](#f1-1051686){ref-type="fig"}). The hypertension was not caused by an expansion of volume due to the pcEV infusion (100 μL/mouse), as an equal volume of phosphate-buffered saline (PBS) induced minimal BP changes. Consistent with the development of proteinuria, vascular leakage was detected by Evans blue extravasation in the kidneys of pregnant mice infused with pcEV ([Figure 1J](#f1-1051686){ref-type="fig"}). These data demonstrate that a high level of circulating pcEV from injured placenta could induce a preeclampsia-like phenotype in pregnant mice.

Placenta-derived extracellular vesicles directly induced hypertension and proteinuria
-------------------------------------------------------------------------------------

To examine the effect of pcEV specifically, without the confounding influences of pregnancy, we infused pcEV from injured placenta into non-pregnant C57 BL/6J female mice. These mice developed acute hypertension 30 min after the pcEV infusion in a dose-dependent manner ([Figure 2A, B](#f2-1051686){ref-type="fig"}) and proteinuria was detected in 24-h urine samples ([Figure 2C](#f2-1051686){ref-type="fig"}). Furthermore, these pcEV disrupted the integrity of cultured endothelial cells, especially in the presence of platelets ([Figure 2D](#f2-1051686){ref-type="fig"}). These data suggest that pcEV can directly induce a preeclampsia-like phenotype, independent of other pregnancy-induced changes.

![Placenta-derived extracellular vesicles induced a preeclampsia-like condition. Non-pregnant mice infused with 1×10^7^/mouse of injury-released pcEV developed (A) hypertension, (B) in a dose-dependent manner, and (C) proteinuria (n=18, A and B: one-way ANOVA, \**P*\<0.05 and \*\**P*\<0.001 *vs*. baseline; C: Student *t*-test). (D) Transendothelial migration of PKH-26-labeled pcEV in the presence and absence of platelets after 3 h of incubation (n=26, one-way ANOVA, \**P*\<0.001 *vs*. baseline, \#*P*\<0.001 *vs*. no platelets). (E) Plasma levels of syncytin^+^ and annexin V^+^ extracellular vesicles, (F) Evans blue extravasation, and (G) blood pressure of mice infused with 1×10^7^ pcEV/mouse and 400 μg/kg of lactadherin or pcEV alone (n=26, one-way ANOVA). The lung tissue was sectioned and stained (*Online Supplementary Methods*). Perivascular bleeding and tissue edema of the lungs detected by staining with hematoxylin & eosin (H--I, black arrows) and fibrin deposition in glomerular capillaries shown by phosphotungstic acid hematoxylin stain (J--L, green arrows) in pcEV-infused mice given lactadherin or phosphate-buffered saline (PBS) (representative images from 26 mice). (M) Tail bleeding of pcEV-infused mice given lactadherin or PBS (n=26, Student *t*-test). BP: blood pressure; EV: extracellular vesicles; Lact: lactadherin; OD: optical density.](1051686.fig2){#f2-1051686}

We then investigated whether the microvesicle-scavenging factor lactadherin^[@b28-1051686]^ could prevent or reduce this pcEV-induced preeclampsia-like condition. Mice infused with pcEV along with 400 μg/kg of lactadherin had lower levels of circulating annexin V^+^ microvesicles, including pcEV ([Figure 2E](#f2-1051686){ref-type="fig"}), reduced renal vascular leakage ([Figure 2F](#f2-1051686){ref-type="fig"}), and did not develop hypertension ([Figure 2G](#f2-1051686){ref-type="fig"}), in contrast to mice that received pcEV alone. Lactadherin also prevented the perivascular bleeding and tissue edema found in the lungs of pcEV-infused mice ([Figure 2H, I](#f2-1051686){ref-type="fig"}) and reduced the pcEV-induced hypercoagulable state that was defined by a shortened clotting time (*Online Supplementary Figure S4A*), platelet activation (*Online Supplementary Figure S4B*), the elevated level of annexin V^+^ EV (*Online Supplementary Figure S4C*), and extensive fibrin deposition in the glomerular capillary ([Figure 2J, K](#f2-1051686){ref-type="fig"}), without prolonging the tail bleeding time ([Figure 2M](#f2-1051686){ref-type="fig"}) or changing blood-cell counts and hematocrit (*Online Supplementary Figure S5*). The livers from mice infused with pcEV, but not those from mice infused with PBS, showed focal tissue necrosis and infiltration by inflammatory cells; these changes were not detected in pcEV-infused mice that also received lactadherin (*Online Supplementary Figure S6*). In contrast to kidney tissues, intravascular fibrin deposition was very limited in the livers of pcEV-infused mice.

To measure directly whether lactadherin enhanced pcEV clearance, biotinylated pcEV (1×10^7^/mouse) were infused into non-pregnant C57BL/6J mice along with 400 μg/kg of lactadherin or an equal volume of PBS. The plasma level of biotinylated pcEV reached a plateau 3 h after infusion ([Figure 3A](#f3-1051686){ref-type="fig"}) but was significantly lower in mice that also received lactadherin ([Figure 3A](#f3-1051686){ref-type="fig"}). The mice given pcEV and lactadherin had more extensive accumulation of biotinylated pcEV in their livers ([Figure 3B](#f3-1051686){ref-type="fig"}).

![Prevention of a placenta-derived extracellular vesicle-induced preeclampsia-like condition by lactadherin. (A) Plasma levels of biotinylated pcEV in C57BL/6J mice infused with 1x107/mouse of pcEV alone or combined with 400 μg/kg of lactadherin \[n=10, one-way analysis of variance (ANOVA), \**P*\<0.01 vs. baseline (BL)\]. (B) Horseradish peroxidase streptavidin-stained liver tissue from mice infused with biotinylated pcEV alone, biotinylated pcEV in combination with lactadherin, and phosphate-buffered saline (a--c: representative images, d: optical densities of tissue scans, n=19, one-way ANOVA). (C) Blood pressure and (D) proteinuria of lactadherin^−/−^ and lactadherin^+/+^ mice measured at 17--18 days post-coitus (dpc) (n=8--24, Student *t*-test). (E) Plasma levels of phosphatidylserine^+^ microvesicles measured at BL and 17-18 dpc (n=16, Student *t*-test). (F) Placenta from lactadherin^−/−^ and lactadherin^+/+^ mice after 17-18 dpc. (G, H) Placenta at 17-18 dpc from lactadherin^−/−^ (G), not lactadherin^+/+^ (H) mice showing tissue necrosis (black arrows, bar = 100 μm). (I, J) Phosphotungstic acid hematoxylin stain for fibrin deposition in the glomerular capillaries of lactadherin^−/−^ mice (I, green arrows indicate fibrin) and not lactadherin^+/+^ mice (J). (K) Unstained background control. Images are representative of 39 mice. BP: blood pressure; PS: phosphatidylserine.](1051686.fig3){#f3-1051686}

Lactadherin-deficient mice developed unprovoked preeclampsia during pregnancy
-----------------------------------------------------------------------------

To further validate the role of lactadherin in promoting EV clearance and preventing preeclampsia, we also examined lactadherin^−/−^ mice and their wildtype littermates (*Online Supplementary Figure S7*). At 17-18 dpc, lactadherin^−/−^mice had higher BP ([Figure 3C](#f3-1051686){ref-type="fig"}) and developed proteinuria ([Figure 3D](#f3-1051686){ref-type="fig"}) without pcEV infusion, as required for pregnant C57BL/6J mice ([Figure 1H](#f1-1051686){ref-type="fig"}). Plasma levels of PS-expressing EV recognized by annexin V were significantly higher in lactadherin^−/−^ mice than in their wildtype littermates at baseline, and they increased further during pregnancy ([Figure 3E](#f3-1051686){ref-type="fig"}). There was no visible difference in the appearance of the fetuses and sizes of placenta between lactadherin^−/−^ and lactadherin^+/+^ mice at 17-18 dpc (*Online Supplement Figure S8)*, but the number of lactadherin^−/−^ litters was significantly less than the number of lactadherin^+/+^ litters (8.2±1.7 *vs*. 11.5±1.4, Student *t*-test, *P*\<0.05) ([Figure 3F](#f3-1051686){ref-type="fig"}). Hematoxylin & eosin stains of placental tissues frequently detected tissue necrosis in the trophoblast villi and decidua of lactadherin^−/−^mice ([Figure 3G,H](#f3-1051686){ref-type="fig"}). The lactadherin deficiency also resulted in more extensive fibrin deposition in glomerular capillaries, which occurred less in wildtype littermates ([Figure 3I-K](#f3-1051686){ref-type="fig"}). Taken together, these results demonstrate that enhancing EV clearance prevented pcEV-induced hypertension, vascular leakage, and hypercoagulation.

Placenta-derived extracellular vesicles induced vasoconstriction
----------------------------------------------------------------

We used three complementary experiments to investigate how pcEV induce hypertension. First, pcEV increased the wall tension of the carotid artery ([Figure 4A](#f4-1051686){ref-type="fig"}). The vasoconstriction was relaxed to the baseline level upon removal of pcEV and was induced again after reincubation with pcEV. Second, pcEV triggered the calcium influx of cultured smooth-muscle cells in a dose-dependent manner ([Figure 4B](#f4-1051686){ref-type="fig"}). Third, a single-dose infusion of pcEV but not PBS induced a rapid and dose-dependent reduction of cerebral blood flow ([Figure 4C-F](#f4-1051686){ref-type="fig"}). The reduction was transient, and the blood flow quickly recovered to either the pre-infusion level ([Figure 4C](#f4-1051686){ref-type="fig"}) or a persistently low level ([Figure 4D](#f4-1051686){ref-type="fig"}). This pcEV-induced reduction in blood flow was also detected in mice infused with total EV purified from plasma of patients with preeclampsia ([Figure 4G](#f4-1051686){ref-type="fig"}). Lactadherin (400 μg/kg) given together with pcEV did not prevent the reduction of blood flow ([Figure 4H](#f4-1051686){ref-type="fig"}) but significantly shortened its duration ([Figure 4I](#f4-1051686){ref-type="fig"}). These data demonstrate that pcEV directly induced vasoconstriction by mobilizing intracellular calcium, resulting in the systemic reduction in microvascular blood flow.

![Placenta-derived extracellular vesicles induced vasoconstriction. (A) Placenta-derived extracellular vesicles (pcEV) (2×10^5^/μL) increase the vascular tension of the carotid artery (left: a myograph of pcEV-induced vasoconstriction; right: summary of effects in 20 experiments, Student t-test). (B) Calcium influx of cultured smooth muscle cells treated with pcEV \[n=12, one-way analysis of variance (ANOVA)\]. (C--F) pcEV (1×10^7^/mouse) but not phosphate-buffered saline (PBS) rapidly reduced cerebral blood flow as determined by laser speckle contrast analysis (LASCA) (BL: baseline; LL: lowest level, gap-time of flow reduction; and RC: flow recovery). The reduction is either fully (C) or partially (D) recovered (C--E: representatives graphs; F: summary of 12 experiments, one-way ANOVA). (G) The cerebral blood flow of mice receiving extracellular vesicles purified from patients with preeclampsia (top: a representative graph, bottom: summary of 3 experiments, one-way ANOVA, \**P*\<0.001 *vs*. BL). The LL values (H) and gap-time (I) of pcEV-infused mice that also received 400 μg/kg lactadherin or PBS (n=12, one-way ANOVA on ranks). ROI: region of interest; Lact: lactadherin.](1051686.fig4){#f4-1051686}

Discussion
==========

We have investigated the role of pcEV in the pathogenesis of preeclampsia by examining plasma samples from preeclamptic women, studying mouse models, and conducting *in vitro* experiments. Consistent with previous reports,^[@b10-1051686],[@b11-1051686]^ we detected pcEV in blood samples of women in the late stage of pregnancy, but pcEV levels were significantly higher in patients with preeclampsia ([Figure 1A](#f1-1051686){ref-type="fig"}) and rapidly returned to baseline during the postpartum period ([Figure 1B](#f1-1051686){ref-type="fig"}). These clinical findings led us to study the activity of pcEV in new mouse models. These new mouse models offered advantages over previously used models because they did not require surgery, genetic manipulation, or pharmacological interventions. We made several novel observations that collectively define a causal role of pcEV in the pathogenesis of preeclampsia and a means to prevent it.

First, pregnant mice developed hypertension and proteinuria only after intravenous infusion of pcEV from injured placenta ([Figures 1H](#f1-1051686){ref-type="fig"}), suggesting that preeclampsia can be induced either by a high level of circulating pcEV or by pcEV derived from injured placenta. Our results support the latter possibility because pcEV from injured placenta caused a preeclampsia-like condition in non-pregnant mice at a significantly lower number of 1×10^7^ vesicles/mouse ([Figure 2A, B](#f2-1051686){ref-type="fig"}) than the 3.8±0.9x10^7^ vesicles/mouse found in pregnant mice ([Figure 1F](#f1-1051686){ref-type="fig"}). These pcEV from injured placenta were similar in size and syncytin expression to those found in pregnant mice, but expressed a significantly highly level of anionic phospholipids recognized by annexin V. These anionic phospholipids were strongly procoagulant and could also disrupt the integrity of the endothelium. In addition, syncytiotrophoblast EV from women with preeclampsia carry less endothelial nitric oxide synthase compared to those from women with normal pregnancies^[@b25-1051686]^ and thus have a reduced synthesis of the vasodilating factor nitric oxide. The fast development of hypertension in non-pregnant mice infused with pcEV (30 min after infusion) ([Figures 2](#f2-1051686){ref-type="fig"} and [3](#f3-1051686){ref-type="fig"}) is likely caused by the quick infusion of a large quantity of pcEV (\< 5 min). In contrast, pcEV are probably released gradually during pregnancy and induce hypertension when they reach a critical threshold level in the circulation over a longer period of time.

Second, pcEV disrupted the endothelial barrier *in vitro*, especially in the presence of platelets to induce vascular leakage ([Figure 2D](#f2-1051686){ref-type="fig"}), which could be responsible for pcEV-induced proteinuria ([Figures 1I](#f1-1051686){ref-type="fig"} and [2C](#f2-1051686){ref-type="fig"}). The synergistic activity between pcEV and platelets is consistent with a recent study showing that EV activate maternal platelets to promote inflammation and a preeclampsia-like pathology,^[@b32-1051686]^ but how platelets enhance pcEV-induced endothelial injury remains to be investigated. Nevertheless, the pcEV-induced endothelial injury not only results in vascular leakage, but could also contribute to the development of hypertension by impairing the endothelium-dependent vasodilation machinery (e.g., endothelial nitric oxide synthase -- nitric oxide pathway)^[@b30-1051686],[@b33-1051686]^ and allowing pcEV to act directly on smooth muscle to trigger calcium-dependent vasoconstriction ([Figure 4](#f4-1051686){ref-type="fig"}). Several calcium signaling pathways are involved in regulating smooth-muscle contractility,^[@b34-1051686],[@b35-1051686]^ but the molecule(s) on pcEV that triggers one or all of these pathways remains to be identified. This vasoconstrictive activity is unlikely to be limited to pcEV because EV from injured endothelial cells also induce hypertension in pregnant mice in a platelet-dependent manner.^[@b32-1051686]^ The pcEV-induced vasoconstriction reduced blood flow ([Figure 4C--F](#f4-1051686){ref-type="fig"}), potentially resulting in tissue ischemia that further propagates injury to the placenta and the endothelium.

Third, pcEV induced a systemic hypercoagulable state defined by shortened clotting time, platelet activation, and the expression of procoagulant PS (*Online Supplementary Figure S4*). This hypercoagulable state has been widely reported in patients with preeclampsia^[@b5-1051686],[@b36-1051686],[@b37-1051686]^ and causes extensive fibrin deposition in glomerular vessels ([Figure 2J--L](#f2-1051686){ref-type="fig"}). The fibrin deposition could potentially induce vascular leakage and increase rigidity of the vessel wall, contributing to pcEV-induced renal dysfunction (i.e., proteinuria) and hypertension, respectively.^[@b38-1051686]^ Surprisingly, fibrin deposition may be organ-specific because it was extensively detected in the kidney, but minimally in the liver vasculature (*Online Supplementary Figure S6*). Instead, focal tissue necrosis and infiltration of inflammatory cells were detected in the liver of pcEV-infused mice, but the cause of this tissue injury remains to be identified. Nevertheless, our findings are consistent with those of a recent cohort study, which showed that plasma samples from preeclamptic patients had elevated levels of EV from activated platelets and leukocytes as well as tissue factor-bearing EV, as compared to women with normal pregnancies.^[@b39-1051686]^ However, another study found no association between preeclampsia and plasma levels of anionic phospholipid-expressing EV.^[@b40-1051686]^

Finally, we have recently shown that lactadherin given intravenously promotes the phagocytosis of EV by coupling the vesicles to macrophages in the liver through their PS- and integrin-binding domains.^[@b28-1051686]^ Here, we further show that lactadherin given intravenously also promotes the phagocytosis of pcEV ([Figure 3A, B](#f3-1051686){ref-type="fig"}) and prevents pcEV-induced hypertension, proteinuria, and coagulation ([Figure 2](#f2-1051686){ref-type="fig"}). Lactadherin^−/−^ mice have elevated levels of PS-expressing EV ([Figure 3E](#f3-1051686){ref-type="fig"}) and develop hypertension and proteinuria during pregnancy ([Figure 3C, D](#f3-1051686){ref-type="fig"}). EV found in lactadherin^−/−^ mice before pregnancy likely come from platelets and endothelial cells, and could further propagate endothelial and placental injury, systemic inflammation, and coagulation.^[@b32-1051686],[@b41-1051686]^ The findings in mice infused with exogenous lactadherin and those deficient in lactadherin raise several questions, (i) Could insufficient EV clearance induce placenta damage? (ii) Is intrinsically low EV-clearance activity a risk for preeclampsia and, if so, could it serve as a predictive marker? (iii) Could lactadherin be used as a treatment for preeclampsia? Human plasma contains \~1 ng/mL of lactadherin,^[@b42-1051686]^ which may be sufficient during homeostasis, but becomes insufficient to remove a large quantity of microvesicles that are substan tially and persistently released during pregnancy, especially in the condition of preeclampsia.

In summary, we demonstrated that pcEV from injured placenta induced a preeclampsia-like condition in mice by inducing endothelial injury, vasoconstriction, and hypercoagulation. This pcEV-induced condition was prevented by enhancing EV clearance. The rates of pcEV production and clearance could therefore be used for the risk assessment of preeclampsia and become new therapeutic targets for preeclampsia.
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